Although discovered more than 60 years ago, the origins of much ambient underwater biological noise remain unclear. Snapping shrimp sounds dominate some environments but elsewhere the shallow-water biological sound field is often heterogeneous. Here we show that dominant components of underwater ambient noise recorded on coral reefs around the Line Islands archipelago in the central Pacific are spectrally consistent with the interaction of hard-shelled benthic macro-organisms with the coral substrate. Acoustic recordings taken from shallow coral reef environments show a consistent, nightly 4.7 to 6.9 dB increase in estimated pressure spectral density level in the 11 to 17 kHz band with a spectral peak centered between 14 to 15 kHz. Intensity-filtered recordings of an example species, the hermit crab Clibanarius diugeti, in quiet aquarium conditions reveal that transient sounds produced by the interaction between the crustacean's carapace, shell, and coral substrate are structurally consistent in spectra with the dominant components of the recordings from the central Pacific. Passive acoustic monitoring of such ambient noise may be useful as a complimentary ecological survey technique to SCUBA-based visual observations, which are typically poor in estimating the abundance and diversity of cryptobenthic organisms.
INTRODUCTION
Although a number of studies identify the sonic emissions of snapping shrimp activity as the major contributor to ambient underwater biological noise, these same studies and others show a wide variation in the spectral characteristics of ambient underwater soundscapes by region (Everest et al., 1948; Cato, 1980; Zakarauskas, 1986; Bjorno, 1987; Readhead, 1997; Bardyshev, 2007; Radford et al., 2008b; Bardyshev, 2010; Radford et al., 2010) . In contrast to the broad-band characteristics of snapping shrimp noise, long-term, averaged pressure spectral density estimates of ambient underwater biological noise recorded from tropical and temperate regions typically show distinct spectral peaks and a general roll-off at frequencies higher than 20 kHz. In addition, only a few studies consider acoustic frequencies above 12 kHz or so (Radford et al., 2010; Kim et al., 2011) . Although snapping shrimp noise may be the dominant contributor to the soundfield in some locales, the connection between their acoustic emissions and the spectral peaks is unclear. While the diurnal acoustic patterns observed in many locations around the world are of no doubt biological in nature, it is possible that a significant portion of the recorded sound field is produced by sources other than cavitation sounds from shrimp. This paper briefly describes the study of ambient noise recorded from five tropical coral reef environments subject to differing oceanographic conditions and of varying ecological state in the Line Islands archipelago. The acoustic signature of hard-shelled benthic organisms (blue-eyed spotted hermit crabs, Clibanarius diugeti) is recorded in a controlled environment and characterized. Sounds produced by these organisms are compared to the ambient noise recordings recorded in the field, and implications for the ecological monitoring of tropical ecosystems through passive acoustic recording are discussed.
EXPERIMENTAL SETUP AND PROCEDURE

Field data collection
Acoustic time-series were collected on a research expedition to the Line Islands Archipelago (Fig. 1 ) during October and November 2010. Recordings were obtained from at Christmas (Kiritimati), Fanning (Tabuaeran), Washington (Teraina), and Jarvis Islands. Recordings were also obtained from Kingman Reef. The first three sites are part of the nation of Kiribati, while the latter two are no-take marine protected areas and are classified as United States minor outlying islands. Single element hydro acoustic recorders were deployed for two to five days over shallow coral reef habitats at each of the five labeled islands (inset and B). Red stars denote approximate locations of hydrophone deployments.
Recordings were taken using a portable battery-powered 'DSG Ocean' recorder (Loggerhead instruments) equipped with a single hydrophone (High Technology Instruments, Type 96-MIN, SN# 437094). Sampling was conducted at 16-bit resolution and either fs = 50 or 80 kHz, chosen to make best use of available memory capacity and anticipated deployment length. In addition, duty cycles in which recording occurred for either five or seven minutes in every ten were employed to further extend the total anticipated sampling period. Sampling periods at each island ranged from two to five days and were dependent on weather and ship scheduling. Acoustic data were converted to .wav file format using proprietary software from Loggerhead Instruments and then processed using Mathworks® MATLAB® (R2011b). After low-pass finite impulse response (FIR) filtering (corner frequency 0.9 fs/2) was applied, Fourier analysis was conducted using 8192-point Fast-Fourier Transforms (FFT's) of 50 percent overlapped time-series fragments windowed with a Kaiser-Bessel (α = 2.5) function. Positive frequency components were scaled to normalize for window magnitude before being doubled to account for the omitted negative frequency component and then scaled to convert from voltage to pressure input. A 200-point moving average of the frequency domain spectral time-series was taken before pressure spectral density estimates were generated.
Aquarium data collection
In order to characterize the sounds of hard-shelled benthic organisms, ten blue-eyed spotted hermit crabs (Clibanarius diugeti) with a mean weight of 1.7 g (including shell) were obtained from commercial distributors.
Although sound generated by only one type of organism was sampled in this experiment, the recordings are likely representative of generic acoustic emissions produced by hard-shelled benthic organisms and their interaction with coral reef substrate. Sounds produced by hermit crabs are byproducts of locomotion, foraging, and/or feeding behavior. To our knowledge, and supported by our observations, no evidence exists to suggest hermit crabs produce sonic emissions for the explicit purpose of social interaction or communication.
The crabs were placed in a glass-sided saltwater aquarium (500 x 300 x 400 mm) along with two pieces of 'live' rock (pieces of dead coral covered in algae and natural bacterial growth, approximately 3 kg in weight each) and a layer of coralline sand that covered the floor of the aquarium to a depth of 30 mm. The aquarium was equipped with a tropical marine filtration and water conditioning system that was turned off during periods of acoustic recording.
Acoustic data were obtained using an International Transducer Center (ITC) corporation preamplified hydrophone (Type 6080C, SN # 1545). Sampling was conducted using an Intel® High Definition Audiospecification sound card set at 24-bit resolution and a sampling frequency of fs = 96 kHz, installed in a laptop computer. Care was taken to ensure the hydrophone could not contact the bottom or aquarium walls, and that hermit crabs could not come in to direct contact with it.
The aquarium was set up in a quiet room that contained no other powered-on electronic equipment or noisegenerating devices. However, spectrograms revealed significant tonal noise in the 0 to 6 kHz band, likely to be from air conditioning. Consequently, a 64-pole, high-pass FIR filter with a corner frequency of fc = 6 kHz was applied to the data. In addition, pressure spectral density level estimates of background noise above 6 kHz remained approximately 40 dB lower than the level of sound generated by the hermit crabs.
Acoustic data collected with the ITC hydrophone from enclosed tank experiments were processed using MATLAB® (R2011b). A low-pass filter (corner frequency fc = 20 kHz) built in to the digitizer excluded analysis of higher frequencies. Due to the temporally sparse and highly transient nature of the generated sounds, an intensitythreshold detection filter was implemented in order to estimate the mean spectral properties: Fourier analysis was conducted using an equivalent procedure as for the acoustic data from the Line Islands. Pressure spectral density estimates were created without averaging, leading to one estimate every 0.043 seconds. Estimates in which pressure spectral density level exceeded 68 dB re: 1 µPa 2 /Hz in the 11 to 17 kHz band were retained and concatenated. An average pressure spectral density estimate was calculated whenever the equivalent of one minute of filtered data were concatenated.
Although acoustic reflections from the water surface, glass walls, and floor of the aquarium are likely to have increased the duration of transient sounds generated by the hermit crabs, comparisons between their acoustic emissions and those recorded in the Line Islands remain valid as data analysis was predominantly conducted in the frequency domain. Furthermore, although there was some likelihood of noise superposition increasing the estimated pressure spectral density, sounds created by the hermit crabs were temporally sparse in nature. To avoid such unquantified artifacts arising from the experimental setup, the principal means of acoustic data comparison involved the analysis of relative mean pressure spectral density estimate levels between frequency bins in the frequencypressure spectral density plane. Comparisons between spectrograms of the sound field at each site reveal a common temporal-spectral pattern (Fig. 2) . Pressure spectral density level in the 11 to 17 kHz band increases by 4.7 to 6.9 dB within 10 minutes of sunset and decreases by an equivalent level within 10 minutes of sunrise. This pattern is ubiquitous over all the days over which acoustic data were collected, at every field site, and was independent of weather conditions and sea state. Pressure spectral density level in the 11 to 17 kHz band remains higher than the adjacent 5 to 11 kHz and 17 to 20 kHz bands during the day, suggesting that the source of this sound remains present but in a reduced form. Within the 11 to 17 kHz band, a peak occurs between 14.1 and 14.5 kHz, the exact peak frequency varying with field location. Anthropogenic noise from SCUBA divers and small watercraft, visible primarily in the 0 to 5 kHz band, was clearly discernable and occurs over discrete time periods during the day. No anthropogenic activity took place underwater at night. No vessel traffic was observed at all field sites except Christmas Island during night-time periods of recording.
Aquarium recordings of hermit crabs were typified by periods of silence punctuated by brief sounds. Although relatively quiet, individual sounds emanating from the aquarium could be clearly heard by the human ear in air when situated close to the tank. Subjectively, the acoustic emissions sound similar to the noise produced when fingernails are gently scraped over rough porcelain. Visual observations confirmed that the sounds were a result of the interaction between the hermit crabs' shells and exoskeletons with the rocky substrate. Such interactions occurred as animals were observed moving over and feeding on substrate material.
The sounds made by the hermit crabs in the test aquarium were filtered from background noise and quiet periods using the high-pass and band-intensity threshold detection filters. A threshold pressure spectral density of 68 dB re: 1 µPa 2 /Hz resulted in the collection of 7:38 of sounds that exceeded this threshold in the 11 to 17 kHz band from 16:01:26 of continuous recording. A typical spectrogram showing concatenated hermit crab sounds of one-minute duration is shown in Fig. 3 . Although the spectral representation of the sounds does not appear continuous as observed in recordings from the Line Islands (Fig. 2) , comparisons of pressure spectral density estimates between these and aquarium-based hermit crab recordings show a distinct peak within a relatively narrow frequency band (13.8 to 14.8 kHz). 
DISCUSSION
In-situ acoustic recordings
In many tropical and temperate coastal seas the sound field of shallow reefs is strongly diurnal in nature. As sounds above approximately 6 kHz are unlikely to be from non-biological sources during calm to moderate seas (Wenz, 1962) , it is almost certain that such nightly chorusing originates from living sources. The biological origins of some diurnal acoustic patterns have been documented in specific cases: examples include fishes (Cato, 1980; D'Spain and Batchelor, 2006) , echinoderms (Radford et al., 2008a) and the aforementioned snapping shrimp. However, to our knowledge no previous work offers a specific explanation for the spectrally peaked diurnal pattern that dominates the sound field across tropical coral reefs in the central pacific.
Ambient and consistently occurring biological noise on many reefs, both tropical and temperate, has previously been attributed largely to snapping shrimp cavitation. While attribution of the dominant sounds to snapping shrimp may be true in some locations, this work suggests that in addition to this noise source, sounds created by other organisms may contribute to the sound field. Beyond the scope of this study are the important considerations of range-dependent attenuation and the spectrally dispersive characteristics of the shallow reef environment. Spectral modification of distant snapping shrimp cavitation sounds by bottom interaction and in-water hysteresis may substantially change the recorded characteristics of such sound. However, it is unlikely that such attenuation is frequency-specific to such an extent that it results in a spectrum similar to that produced in the near field by the interaction between hard-shelled benthic organisms and the substrate.
The spectral consistency observed across the field sites is of interest because of the gradient of human disturbance across the northern Line Islands Sandin et al., 2008) . Such consistency is suggestive of similar biological processes occurring across this gradient, perhaps independent of or unquantified by previous ecological survey work. It should be noted, however, that the mechanisms through which anthropogenic impacts such as pollution and fishing influence the underwater sound field are virtually unknown. Additionally, Jarvis Island is located along latitude 0.37° S, within the region of equatorial upwelling. Jarvis Island experiences unique oceanographic conditions in comparison to the other islands discussed in this study, which are in essentially oligotrophic tropical surface waters and experience relatively little nutrient upwelling with the exception of island wakes (Coutis and Middleton, 1999) . The similarity of the diurnal sound field recorded at Jarvis and the other islands suggests that the processes that lead to the creation of such sounds may be independent of regional-scale oceanographic conditions.
Aquarium recordings
Although the sounds produced by the hermit crabs in the laboratory were quiet and of short duration, the spectral content of the intensity-filtered sounds is consistent in nature with higher frequency (11 to 17 kHz) components of ambient noise collected in the Line Islands. Direct observations show that these sounds are associated with movement, foraging, and feeding behavior. As the sounds originate from mechanical interaction between the hermit crab's exoskeleton, shell, and the substrate, they are not likely to be species specific. Rather, such sounds are likely produced by hard-shelled reef dwelling animals of many types as they feed and move about the reef.
Although beyond the scope of this work, the sound produced by the interaction between the hermit crabs and the substrate may contain information pertaining to substrate type and/or the size distribution of the organisms themselves. The natural frequency of the substrate may influence the emitted sounds, while larger organisms possess correspondingly larger and heavier exoskeletons and/or shells. It is possible that the dominant frequency components of this incidental sound are proportional to substrate density and Young's modulus and/or inversely proportional to mean organism size. If the sounds recorded on the reef are in fact a superposition of a great number of hard-shelled invertebrates and the sound level is reflective of the general activity level in the area, a great deal of ecological information may be extracted from recordings of sounds produced by hard-shelled benthic organisms.
Passive acoustic assessment of ecological state
The observations reported here suggest a link between reef sound and the activity of hard-shelled benthic organisms. They suggest the dominant production of sound in the 11 to 17 kHz band, observed in the Line Islands archipelago, is related to the mechanical interaction between hard-shelled invertebrates and coral reef substrate. If this relationship is validated, such sound may provide an overall impression of benthic hard-shelled invertebrate activity and aid in the quantitative assessment of ecological state.
The spectral similarity of soundscapes recorded over the five Line Islands shows that biological processes behind the recorded acoustic emissions are ubiquitous across a wide range of ecological states; from relatively undisturbed Kingman Reef to heavily degraded coral reef ecosystems adjacent to the mouth of St. Stanislas Bay, Christmas Island . Such common occurrence suggests that the processes underlying the recorded acoustic emissions are themselves ubiquitous and may occur on a global scale in shallow coral reef ecosystems, although the sounds discussed here may be obscured by other biological processes of higher intensity. The sounds discussed in this article may also be reduced in intensity by additional environmental variables. In regions where coral reefs have degraded to an algae-dominated community, algal smothering of the substrate may reduce direct contact between hard-shelled benthic organisms and the underlying rock. The physical barrier imposed by the comparably soft algae may reduce the acoustic output of these benthic organisms, other impacts on their ecology notwithstanding.
Acoustic recording with directional capability in conjunction with detailed ecological surveys, definitive quantification of snapping shrimp and their influence on ambient reef noise, and the modeling of acoustic propagation and dispersion in shallow reef environments are required to investigate the spatial breadth of reef-based biological ambient noise.
With the decreasing price and increasing capacity of battery and memory storage technology, remote passive acoustic sensing techniques that offer continuous monitoring over year-scale periods of time for relatively little cost are now commonplace (Mann and Tucker, 2000; Wiggins and Hildebrand, 2007; Lammers et al., 2008) . Underwater soundscapes likely contain important information regarding the ecological state of the area within acoustic range. Many organisms produce noise through interaction with the environment and with other species. Consequently, passive acoustic recordings may reveal the relative state of ecological processes through synoptic estimates of activity level amongst organisms grouped by characteristics that govern the production of sounds (such as hardshelled benthic dwellers). Such sounds may be used to monitor reefs for changes in the ecological state of these groups.
